Current Noise in ac-Driven Nanoscale Conductors 
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The theory for current fluctuations in ac-driven transport through nanoscale systems is put for- 
ward. By use of a generalized, non-Hermitian Floquet theory we derive novel explicit expressions 
for the time-averaged current and the zero-frequency component of the power spectrum of current 
fluctuations. A distinct suppression of both the zero-frequency noise and the dc-current occurs for 
suitably tailored ac-fields. The relative level of transport noise, being characterized by a Fano factor, 
can selectively be manipulated by ac-sources; in particular, it exhibits both characteristic maxima 
and minima near current suppression. 
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Recent experimental successes in the coherent coupling 
of quantum dots |jj and in the reproducible measure- 
ment of electronic currents through molecules ^ |) have 
given rise to renewed theoretical interest in the trans- 
port properties of nanoscale systems j| |j. Thereby, 
new ideas in order to exploit the quantum coherence of 
such systems for the construction of novel electronic de- 
vices H have emerged. One possible construction ele- 
ment is based on the manipulation of quantum dots or 
single molecules by use of an oscillating gate voltage or 
an infrared laser, respectively. A prominent effect of such 
ac-fields consists in the adiabatic || 0, ||, ^| and nona- 
diabatic jl0[ [ll| pumping of electrons. Moreover, laser 
irradiated molecular wires provide novel devices such as 
coherent quantum rectifiers [jl2) and optically controlled 
transistors [p"3| . However, such time-dependent control 
schemes can be valuable in practice only if they oper- 
ate at tolerable noise levels. Thus, the question whether 
noise properties of nanoscale systems can be selectively 
manipulated becomes of foremost interest. 

Electron transport through time- independent, meso- 
scopic systems is commonly described within the frame- 
work of a scattering formalism. Both the average current 
|L4j and the transport noise characteristics 15 can 
be expressed in terms of the quantum transmission co- 
efficients for the corresponding transport channels. By 
contrast, the theory for driven quantum transport is 
much less developed. Expressions for the spectral den- 
sity of the current fluctuations have been derived for 
the low-frequency ac-conductance JjjJ and the scatter- 
ing by a slowly time-dependent potential Q. However, 
the situation becomes more opaque in the presence of 
rapidly varying time-dependent fields. Within a Green 
function approach, a formal expression for the current 
through a time-dependent conductor has been presented 
in Refs. Jl9| , |2C| . Here, we derive explicit expressions 
for both the current and the noise properties of electron 
transport through a nanoscale conductor under the influ- 
ence of time-dependent forces at arbitrary frequency and 
strength. The dynamics of the electrons is solved by inte- 
grating the Heisenberg equations of motion for the elec- 



tron creation/annihilation operators within a generalized 
Floquet approach. We then use the resulting expressions 
to explore the possibility of an a priori control of the 
dc-current and the zero-frequency noise by the influence 
of an ac-ficld. 

The lead-wire model. — The entire setup of our nano- 
scale system is described by the time-dependent Hamil- 
tonian H(t) = H wilc (t) + H lcllds + H coatacts , where the 
different terms correspond to the driven wire (or coupled 
quantum dots), the leads, and the wire- leads coupling, 
respectively. In order to go beyond merely formal con- 
siderations, we herewith focus on the regime of coherent 
quantum transport where the main physics at work oc- 
curs on the wire itself. In doing so, we neglect other 
possible influences stemming from driving induced hot 
electrons in the leads, dissipation on the wire and, as 
well, electron-electron interaction effects. Then, the wire 
Hamiltonian reads in a tight-binding approximation with 
N orbitals |n) 



H wile (t) = H nnl (t)c\c n , 



(1) 



The fermion operators c n , c\ annihilate and create, re- 
spectively, an electron in the orbital |n). The influ- 
ence of an applied ac- field with frequency = 2tt/T 
results in a periodic time-dependence of the Hamiltonian: 
H nn '(t + T) = H nn /(t). The leads are modeled by ideal 
electron gases, H icads = J2 q e q( c L q c L q + c R q c R q )' where 
c L q ( c R q ) creates an electron in the state \Lq) (\Rq)) in 
the left (right) lead. The tunneling Hamiltonian 



E 



(VL q cl q c i + VrA^n) + h -c- (2) 



establishes the contact between the sites |1), \N) and 
the respective lead, as sketched in Fig. |l|. Below, we 
shall assume within a so-termed wide-band limit that the 
coupling strengths T e = 2TrJ2 q \Ve q \ 2 S(e - e q ), £ = L,R, 
are energy independent. To specify fully the dynamics, 
we choose as an initial condition for the left /right lead a 
grand-canonical electron ensemble at temperature T and 
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FIG. 1: Level structure of the molecular wire with N = 3 
orbitals. The end sites are coupled to two leads with chemical 
potentials /i^ and fiR = fi L — eV. 



electro-chemical potential fJ-L/Ri respectively. An applied 
voltage V maps to a chemical potential difference fi R — 
Hl = eV, where — e is the electron charge. 

We shall focus on two central transport quantities: the 
time-dependent electrical currents through the two con- 
tacts and their fluctuations. The current operators are 
given by the negative time variation of the electron num- 
bers in the leads, multiplied by the electron charge — e, 
Ilit) = ie[H[t), Ni]/h, where Ni = J2 q c l q c e q denotes the 
electron number in lead £. 

Generalized Floquet approach. — For the evaluation of 
correlation functions, we work in the Heisenberg picture 
and derive the annihilation operators at long times by 
a Floquet ansatz pj} ]. From the Hamiltonian Hit) fol- 
low the Heisenberg equations for the lead operators, with 
the wire operators appearing in an inhomogeneity. In an 
integrated form they read 



c Lq (t)=c Lq (t )e-^ t ^/ h - 



iV, 



t-t 



Lq 



r/h 



ci(t-r) 



and c Rq (t) accordingly. Inserting this into the Heisenberg 
equations for the wire operators yields 



31/JV 



r 



L/R. 

2h 



C l/N + ^L/R{t), 



C n = - T ^ Hnn' ft) C ra ' , n = 2, . . . , N - 1. (3) 

n' 

Owing to the wide-band limit, the dissipative terms 
are memory free. Within the chosen grand canonical 
ensembles the operator- valued Gaussian noise = 
-(*/&) E q V^e-^-^^c^to) obeys 



<&(*)} = o, 



2-kTi 



(4) 

ale e 1 ^-^^ Me), (5) 



where fe(e) = (1 + exp[(e — fi^/ksT]) 1 denotes the 
Fermi function at temperature T and chemical potential 



/if, £ — L. R. The current operator then assumes the 
form 

h(t) = |r £C t(t)ci(*)-e{cl(i)e L (t)+d(*)ciW}- (6) 

Before solving the inhomogeneous set of equations (jjj) , 
let us first analyze the corresponding homogeneous equa- 
tions. They are linear and possess time-dependent, T- 
periodic coefficients. Thus, it is possible to construct a 
complete solution with the help of the Floquet ansatz 
\if>{t)) = exp[(— ie a /h — 7 Q ) t] \u a (t)). The Floquet states 
\u a (t)) = J2k \ u ak) exp(-ikQt) obey the time-periodicity 
of the differential equations and fulfill in a Hilbert space 
that is extended by a periodic time coordinate the eigen- 
value equation 

(n(t) - »£ - ihj^} \u a {t)) = (e a - ihj a )\u a (t)), (7) 

where H(t) = \n) H nn , (t) (n' \ and 2S = |f)r L (f | + 

|AT)rR(./V|. Because the eigenvalue equation ^ is non- 
Hermitian, its eigenvalues e a — ifvy a are generally com- 
plex valued and the (right) eigenvectors are not mutu- 
ally orthogonal. Therefore, we need to solve also the 
adjoint Floquet equation yielding again the same eigen- 
values but providing the adjoint eigenvectors \u^(t)). It 
can be shown that the Floquet states \u a (t)) together 
with the adjoint states \u^(t)) form at equal times a 
complete bi-orthogonal basis: {u^{t)\up{t)) = S a /3 and 
E Q \u a (t))(u+(t)\ = 1 ||. For Y L/R = 0, both |« B (i)> 
and |w+ (t)) reduce to the usual Floquet states. 

The Floquet states \u a (t)) allow to write the general 
solution of Eq. (||) in closed form. In the asymptotic limit 
to — > — oo, it reads 



c n(t) = ^2 j dT ( n \ u a{t))( 



(-ie a /h—y a )T I + 



(<(t-T)\ 



(8) 



X {\l)ZL(t-T) + \N)£ R (t-T)}. 



To obtain the current (Jr,(t)), we insert the operator (g) 
into Eq. (§) and use the expectation values (||). We then 
find that the current assumes the commonly expected 
"scattering form" [flif but with time- dependent transmis- 
sion probabilities and, as well, an additional contribution 
that accounts for a T-periodic charging of the wire. The 
latter does not contribute to the time-averaged current 
I = L dt(lL(t)} /T so that we obtain as a first result 



/ = 



2-kTi ^ 

k 



de{T { L %)f R {e) 



T. 



(h) 



RL 



(e)U(e)}. (9) 



Owing to charge conservation it equals the average cur- 
rent through the right contact. The coefficients 



r L r fl |GS( e )| 2 



(io) 



can be interpreted as the probability that an electron 
with energy e is transmitted from the right lead to the 



3 



left lead under the absorption of k photons, respectively 
the emission of — k photons when k < 0. Note that the 
sum runs over all integers k corresponding to different 
conduction channels that contribute independently to the 
average current I. The retarded Green function 

r (k) n _ y M"q,fc'+fc)("q,fc'K) nn 
[e) ^ e - (e a + k'TiQ, - ih la ) 1 ' 

describes the propagation of an electron from orbital \n') 
to orbital \n). We emphasize that generally |G^(e)| ^ 
\G^{(e)\ for a driven system. An expression for the time 
averaged current similar to Eq. (p|) has been proposed in 



Ref. |19| without providing an explicit form for the Green 
function in terms of generalized Floquet states. 

Next, we address the main topic of this work, namely 
the current noise given by the auto-correlation function 
S L (t,r) = ±([AI L (t),AI L (t+T)] + ) of the current fluctu- 
ation operator Al^i) = iz,(i) — (-^(i))- It can be shown 
that <Sz,(t, t) = Sz(t + T, r) shares the time-periodicity 
of the driving. Therefore, it is possible to characterize 
the noise level by the time-averaged noise power at zero 
frequency, Sl = J dr J Q dt ^(i, t)/T . Since the total 
charge is conserved, the zero-frequency noise is identical 
at both the left and the right contact, i.e. Sl — Sr — S. 
After some extensive algebra we obtain our central result 



S = fU L r fl E fde {T L T R \ J2 <#f fc) (e + kh^G^ (e)* 

7, ** J.. / 



fL(e)f L (e + khQ) 



+ 



G[ N k) (e + khn) + ^^ L J2 G lN fc) ( e + khn)G ( £\ey\ 2 f L (e)f R (e + hUty} (12) 



+ same terms with the replacement (L, 1) 

I 



(R,N), 



where we have defined fi/R = 1 — Il/r- The key re- 
sults @ and ( [l2] ) contain as special cases prior find- 
ings: In the absence of any driving, the Floquet eigen- 
values e a — ihj a reduce to the complex-valued eigenen- 
ergies; this implies G^, = for all k ^ 0, yielding 
the transmission probability for an electron with energy 
E oiT(E) = T L T R \G^\{E)\ 2 . Thus, the quantities / 
and S agree with the well-known expressions obtained 
within the time- independent, non-driven scattering ap- 
proach . In the limit of a weak system-lead coupling 
but arbitrary driving strength, the average current (|^) 
coincides also with the corresponding result of a recent 
master equation approach fl^| . 

Current and noise suppression. — As a simple, yet non- 
trivial application, we consider a wire composed of N 
orbitals as sketched in Fig. |l|. Each orbital is coupled 
to its nearest neighbors by a hopping matrix element A. 
The on-site energies are modulated by the influence of 
the ac-field, H nn (t) = E n - Acos{Qt)(N + 1 - 2n)/2, 
n = l,...,N. The energy A equals the electric field 
strength multiplied by the electron charge — e and the 
distance between two neighboring sites. The wire is as- 
sumed to couple equally to both leads, Tl = = T, 
and the laser frequency is far off resonance, f2 = 5A/H. 
For a molecular wire, a typical value for the hopping 
matrix element A and the coupling strength T is 0.1 eV 
leading to a current unit eY/Ti ~ 25/itA, while the laser 
frequency lies in the optical regime. For a distance of 
2 A between two neighboring sites, a driving amplitude 



A = A corresponds to an electric field strength of roughly 
5 x 10 6 V/cm. For the evaluation of the current / and 
the noise S, we restrict ourselves to zero temperature. 
Then, the Fermi functions turn into step functions and 
the energy integrals in Eqs. (^|) and ( |l2| ) can be carried 
out analytically. This limit is physically well justified for 
molecular wires at room temperature and for quantum 
dots at helium temperature since in both cases, thermal 
electron excitations do not play a significant role. 

Figure |^a depicts the dc-current and the zero-frequen- 
cy noise for a wire with N = 3 sites with equal on-site 
energies and a relatively large applied voltage. As a re- 
markable feature, we find that for certain values of the 
field amplitude A, the current drops to a value of some 
percent of the current in the absence of the field [fl3|| . 
A perturbation theory for the Floquet equation (0) for 
A,r frfl yields that the driving results in a renormal- 
ized hopping matrix element A — > A c g — AJq(A/HQ), 
where Jo denotes the zeroth-order Bessel function. Then, 
Gin and Gni vanish if the condition Jo(A/hfl) = is 
fulfilled Q. Consequently, the dc-current (^|) and the 
zero- frequency noise ( p"2| ) also vanish. 

The relative noise strength can be characterized by the 
so-called Fano factor F = S/e\I\ depicted in Fig. ^b. In- 
terestingly enough, we find that the Fano factor exhibits 
as a function of the driving amplitude A both a sharp 
maximum at current suppression and two pronounced 
minima nearby. For a sufficiently large voltage, the Fano 
factor assumes at the maximum the value F ~ 1/2. Once 
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FIG. 2: Time- averaged current I and zero-frequency noise 
S (a) as a function of the driving amplitude A for a wire 
with N = 3 sites with on-site energies E n = and chemical 
potentials = —fii = 25 A. The other parameters read 
Q = 5A/h and T = 0.5 A. Panel (b) displays the Fano F 
factor for these parameters (full line) and for smaller wire- 
lead coupling (dash-dotted line). 



the driving amplitude is of the order of the applied volt- 
age, however, the Fano factor becomes much larger. The 
relative noise minima are distinct and provide a typi- 
cal Fano factor of F « 0.15. Reducing the coupling 
to the leads renders these phenomena even more pro- 
nounced since then the suppressions occur in a smaller 
interval of the driving amplitude, cf. Fig. ||b. The overall 
behavior is robust in the sense that approximately the 
same values for the minima and the maximum are also 
found for larger wires, different driving frequencies, dif- 
ferent coupling strengths, and slightly modified on-site 
energies, provided that A, T, E n <C Ml and that the ap- 
plied voltage is sufficiently large. The qualitative behav- 
ior can again be understood within a perturbative ap- 
proach. With increasing driving amplitude, a crossover 
from A e ff 3> r to A e ff <C Y at the current suppression 
occurs. Both limits correspond to the transport through 
a symmetric double barrier and, therefore, are charac- 
terized by F « 1/2 |p!5[ . At the crossover A e gf ~ Y the 
effective barriers vanish and, consequently, the Fano fac- 
tor assumes its minimum. 



In summary, we have put forward with Eqs. (Q) and 
( |l2| ) new and appealing expressions for the time-averaged 
current and the zero-frequency noise for the electron 
transport through ac-driven nanoscale systems. A main 
finding is that in molecular wires and coherently coupled 
quantum dots, the influence of an ac-field can be used to 
selectively suppress both the current and its noise. Inves- 
tigating the relative noise level characterized by the Fano 
factor has revealed that the current suppression is ac- 
companied by a noise maximum and two remarkably low 
minima. These phenomena can be used to devise novel 
current sources with a priori controllable noise levels. 
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